We present the one-loop corrected decay widths for the decays of the neutral Higgs bosons h 0 , H 0 and A 0 into a neutralino pairχ 0 mχ 0 n (m, n = 1, . . . , 4) and to the decayχ 0 m → (h 0 , H 0 , A 0 ) +χ 0 n . The corrections contain the one-loop contributions of all fermions and sfermions. All parameters are taken on-shell. This requires a proper treatment of the neutralino mass and mixing matrix. The dependence on the SUSY parameters is discussed. The corrections can be large in certain regions of the parameter space.
Introduction
The Minimal Supersymmetric Standard Model (MSSM) [1] is considered the most attractive extension of the Standard Model. The MSSM requires the existence of two isodoublets of scalar Higgs fields, implying three neutral Higgs bosons, two CP-even bosons (h 0 , H 0 ), one CP-odd (A 0 ), and two charged Higgs bosons (H ± ). Searching for these Higgs bosons is one of the main goals of all future colliders as the Tevatron, LHC, and an e + e − linear collider. The search strategies very much depend on the way these Higgs bosons decay. It is therefore mandatory to have a clear picture of the decay modes. Thus it is necessary to calculate the widths and branching ratios of the various decays as precisely as possible.
The lightest Higgs boson h
0 with a mass of at most 140 GeV will decay mainly into bb and to a lesser extent into τ + τ − . It is, however, possible that it also decays as
whereχ 0 1 is the lightest neutralino. In the case of R-parity conservation, this decay is invisible, and its appearance would reduce the branching ratios of the other decay modes. The heavier neutral Higgs bosons H 0 and A 0 may decay into a pair of neutralinos
with (m, n = 1, . . . , 4). At tree level, the decays occur by higgsino-gaugino-Higgs boson couplings [2] , and are therefore sensitive to the components of neutralinos. The decays (1) and (2) as well as those of H ± →χ ± iχ 0 m , (i = 1, 2) have been numerically analyzed in [3, 4] at tree level. Electroweak corrections to the widths of H ± →χ ± iχ 0 m due to one-loop exchanges of the third generation quarks and squarks were recently calculated in [5] . The one-loop corrections, involving fermions and sfermions, to the invisible width of (h 0 , H 0 , A 0 ) →χ 0 1 +χ 0 1 have been calculated in the higgsino limit ofχ 0 1 , (|µ| ≪ M 1 , M 2 ) in [6] , and in the gaugino limit ofχ 0 1 , (|µ| ≫ M 1 , M 2 ) very recently in [7] . (Here M 1 and M 2 are the U(1) and SU(2) gaugino mass parameters, respectively, and µ is the higgsino mass parameter.) In these limiting cases, the wave-function corrections can be neglected and no renormalization is necessary. The couplings of (h 0 , H 0 , A 0 ) toχ 0 1χ 0 1 also enter in the neutralino-quark interaction [7] , a process which is very important for the dark matter search [8, 9] , where one looks for the elastic scattering of neutralinosχ 0 1 off nuclei in a detector. Moreover, since the decays (1,2) are generated by gaugino-higgsino-Higgs boson couplings at tree level, they can be also useful to probe the components of the neutralinos, complementary to the pair production process e + e − →χ 0 mχ 0 n [10] . In this paper, we present the one-loop corrections to the widths of the decays (1) and (2) due to the exchange of all fermions (quarks and leptons) and their superpartners (sfermions).
The decays (1) and (2) are particularly interesting because the calculation of their radiative corrections requires corrections to the neutralino mass matrix and mixing matrix in addition to the conventional wave-function and vertex corrections with counter terms.
The one-loop corrections to the neutralino mass and mixing matrix in the on-shell renormalization scheme were already worked out in [11] and they will be used here. Related to these decays are the decays of neutralinos into Higgs bosons,
These decays are also important as they occur in the cascade decays of gluinos and/or squarks,g → qqχ 0 m andq → qχ 0 m , withχ 0 m then decaying according to (3) . The decays (3) with a real Higgs boson emission [12, 13] as well as three-body decays due to an offshell Higgs boson [14] have been studied at tree level. In this paper, we also present the formulae for the decays (3) including the one-loop corrections.
Tree-level widths
Throughout this paper, we will use the notations mχ0
In a non-unitary gauge we have the ghost G 0 . The momenta are assigned as (k = 1, 2, 3;
All couplings are given in the Appendix A (or it is referred to previous works).
The tree-level widths for a neutral Higgs decaying into two neutralinos is [3] Γ tree
For the decay of a neutralino into a lighter one and H 0 k , we get [12] 
In our convention, the 4×4 neutralino mixing matrix Z, which diagonalizes the neutralino mass matrix Y , is real. Therefore, the neutralino mass parameters m m and m n can be positive or negative.
One-loop corrections
We calculate the one-loop corrections to the amplitudes of the decays (4) stemming from fermion and sfermion exchange. The renormalization is done in the on-shell scheme. All one-, two-, and three-point functions [15] used for calculating the loop integrals are given in the convention [16] .
The correction to the coupling F 0 mnk is F 0 corr.
with the ultraviolet (UV) finite one-loop correction
with the color factor N 
with the decaying particle p = H 
For A 0 the vertex correction reads g δF
with k, l = 1, 2 for the system (h 0 , H 0 ) and k, l = 3, 4 for (A 0 , G 0 ). Eq. (14) has been symmetrized with respect to (k, l). This is due to the on-shell renormalization of the Higgs mixing angle α (k, l = 1, 2) or β (k, l = 3, 4). In this scheme ( [11] , extending [17] for quark and lepton mixing) the counter terms for the mixing angles are determined by the requirement that they cancel the antisymmetric parts of the wave-function corrections.
The decays of A 0 are a little complicated by the contribution of the A 0 − Z 0 mixing in addition to the A 0 − G 0 mixing in eq. (14) . Moreover, both depend on the gauge parameter ξ. However, the sum of these two contributions is independent of ξ, as it is shown in Appendix C. Here we work in the ξ = 0 (Landau) gauge, where the contribution of the A 0 − Z 0 mixing vanishes, and use (14) with m H 0 4 = 0. The resulting on-shell tan β agrees with the one defined by the A 0 -Z 0 mixing [18, 19, 11] .
The Higgs self-energy contributions due to fermions and sfermions are written as
The fermion contribution Π H 0 (a) (Fig. 1c) is (Fig. 1d ) and Π
where k, l = 1, 2 or 3, 4. T kl in eq. (15) represent momentum-independent contributions from the tadpole shifts [18, 19] and leading higher-order corrections. We include the latter by the renormalization group improvement as in Ref. [20] . Since the zero-momentum contribution Π H 0 kl (0), including T kl , is very large it is often resummed as in Refs. [19, 21] . In practice, we calculate the effective m H 0 a (a = 1, 2) and α obtained from the effective mass matrix, which includes the Π H 0 ab (k 2 = 0) contribution with m A 0 , tan β, and the (s)quark parameters, and regard them as the lowest-order parameters. If one is replacing α in all the previous formulae with the effective one, the self energies Π
in the wave-function correction and δα must be replaced by ∆Π
. Nevertheless, the form of their sums eqs. (13,14) is not affected by the elimination of Π H 0 kl (0). The neutralino wave-function terms read
As before, δZχ ps in (21) has been symmetrized by subtracting the counter term for the rotation matrix Z of the neutralinos [11] . The neutralino self-energies due to the sfermion-fermion loop (Fig. 1f ) are
see also [20] .
We need the counter term for the couplings gF 0 mnk , which is a function of the gauge couplings g, g ′ , the Higgs boson mixing angle α (for k = 1, 2) or β (for k = 3), and the neutralino rotation matrix Z, as shown in eq. (A.2). The counter terms for (α, β) and Z in the on-shell scheme [11] are already included in the wave-function corrections (14) and (21), respectively. The remaining counter term of δg and δg ′ is, after being absorbed into the correction to F 0 mnk ,
We fix the electroweak gauge boson sector by m Z , m W , and e. One gets from the relations g = e/s W , g ′ = e/c W , and
The formulae for δm W and δm Z can be also found in [11] and for δe/e in the Appendix B. Now all parts are given which are needed in order to calculate the (UV finite) oneloop contribution to the neutral Higgs boson-neutralino-neutralino coupling, eq. (8). The vertex correction part δF
mnk is given by eqs. (10) and (11), the wave-function correction term δF Further, one has to note that the on-shell masses and the mixing of the neutralinos are not independent of each other. In fact, when the gauge and Higgs boson sectors are fixed, the neutralino sector is determined by three free parameters only. Here we follow the method given by [11] : The on-shell mass parameters M and µ are defined as the elements of the on-shell mass matrix X of charginos, and the on-shell mass parameter 
Numerical results
For simplicity, we will take in the following (if not specified otherwise) for the soft breaking sfermion mass parameters of the first, second and third generation MQ rd quark generation (h t , h b ), we take the running ones at the scale of the decaying particle mass.
In our numerical analysis we have discussed four cases: the tree-level width, the corrections (7-9) with the tree-level Z and m i ("conventional correction"), the corrections (7-9) with the one-loop corrected Z and tree-level m i ("conventional + ∆Z correction"), and the corrections (7-9) with the one-loop corrected Z and one-loop corrected m i (full correction).
The "conventional correction" corresponds to the correction to the gaugino-higgsino-Higgs boson coupling, "conventional + ∆Z correction" includes the correction to the neutralino components, and the correction due to the shift of m i is added in the full correction.
In Fig. 2a we show, as a function , respectively. While the "conventional" correction is dominant for µ < 0 in Fig. 2c , the "∆Z" correction is dominant in Fig. 2d . The full corrections amount to several %. decay with tan β = 50 and M = µ = 300 GeV, as functions of MQ. In Fig. 3a , the decay is suppressed due to the small gaugino components ofχ 0 1 andχ 0 2 . The "conventional+∆Z" correction is close to the full correction and therefore not shown here. We see that the "conventional" correction is dominant. In contrast, the "∆m" correction in Fig. 3b is large and negative (up to −16%), which dominates over the positive "conventional" correction (up to +4%). This is because the decay in Fig. 3b is kinematically suppressed and sensitive to the shift of m i . We note that the sfermion loop corrections do not decouple in large MQ limit, due to the supersymmetry breaking corrections [23] Figs. 4a and 4b show the dependence of the widths on the trilinear coupling A for the same decays modes and parameter sets as in Figs. 3a and 3b , respectively. The A dependence is mainly caused by A t and numerically important in general.
We also discuss the related decays (3) of the neutralinos. In Figs. 5a and 5b we show the corrections to the width of the decaysχ Fig. 3a for Fig. 5a and tan β = 10 and M = µ = 300 GeV for Fig. 5b . The total correction can go up to 25%.
Finally, Fig. 6 shows the µ dependence of the width of the decay h 0 →χ 0 1 +χ 0 1 (1), both the tree-level value (Fig. 6a) and the relative one-loop full correction (Fig. 6b) . This decay occurs whenχ 0 1 is sufficiently light and is mainly a U(1) gaugino to escape from the present direct search. In order to realize this case, we consider very small M ′ and take the following parameters which are similar to those in Ref. [7] : MQ A (b) . The dotted line corresponds to the tree-level width, the dashdotted, dashed and solid line correspond to the "conventional", "conventional + ∆Z", and full corrections, respectively. The parameters are tan β = 10, M = 500 GeV, and µ = 150 GeV (a) and tan β = 10 and M = µ = 300 GeV (b).
GeV, M = 120 GeV, mg = 500 GeV, tan β = 20, and m A 0 = 300 GeV. The loop correction can be comparable to or even larger than the treelevel width as observed in Ref. [7] . Although the decay width is much smaller than the other modes, the effect of the loop correction might be seen in precision studies of h 0 at a linear collider [7] and in neutralino dark matter search [7, 8, 9] . 
Conclusions
We have presented the calculation of the one-loop corrections to the decays
, with all fermions and sfermions in the loop. These decays are special in the sense that they require particular care in the treatment of the neutralino mixing and mass matrix in a scheme, where all parameters in the neutralino mass matrix Y and mixing matrix Z are defined on-shell. We have shown the importance of the corrections to these matrices in addition to the conventional corrections (vertex and wave-function corrections with counter terms). We have studied the dependence on the parameters M, µ, A, MQ, and tan β. The fermion-sfermion-neutralino coupling parameters af ip and bf ip (i = 1, 2, p = 1, . . . , 4) have the form
with x = 3 for down-type and x = 4 for up-type fermions, Rf the 2 × 2 sfermion rotation matrix,
f denotes the SU(2) L isospin and e f the charge of the fermion f .
The H 0 kf * if j couplings [2] are
(i. e. tan β ↔ − cot β). The superscript "ũ" ("d") denotes an up-type (down-type) sfermion.
(A.20)
B Counter term δe
When we give the renormalized electric charge in the Thomson limit with the measured fine structure constant α = e 2 0 /(4π) = 1/137, the counter term δe 0 is given by the general form [16] δe 0 e 0 = 1 2Π 
with x f = m Z for all m f < m Z and x t = m t . Here ∆ denotes the UV divergence factor.
C Proof of the ξ independence
We investigate the wave-function corrections to the process have a dependence on the gauge parameter ξ = ξ Z in the propagators of (G 0 , Z 0 ). We show that the sum of these contributions is independent of ξ. We start from the matrix elements in a general R ξ gauge,
The self-energies Π AG and Π AZ by (s)fermion one-loop contributions are ξ independent. The Z
As limiting cases, M G = 0 in the physical unitary gauge ξ → ∞ and M Z = 0 in the ξ = 0 (Landau) gauge. Note that the tadpole contributions have to be included [18, 19] in Π AG .
We can write M G directly as
For M Z we first contract the Lorentz indices,
and useū(k 1 )p /γ 5 v(k 2 ) =ū(k 1 )(k / 1 + k / 2 )γ 5 v(k 2 ) = (m m + m n )ū(k 1 )γ 5 v(k 2 ). So we get
We use the Slavnov-Taylor identity (see also [19] , eq. (3.7))
and split the sum M G + M Z in an obviously ξ independent and possibly dependent part,
With the relation (proved later)
we get for the part written in the brackets in eq. (C.8) 10) and therefore the final result
The ξ dependence is completely cancelled in (C.11). Writing the entries of Y in terms of neutralino masses, Y kj = l m l Z lk Z lj , and using
(C.14)
Therefore, eq. (C.9) is proven.
However, from the Slavnov-Taylor identity one can prove in general that the same cancellation of the gauge dependent parts in G 0 and Z 0 propagators occurs for any one-loop two-body decay of A 0 .
